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SUMMARY 

The v i b r a t i o n  response of pane ls  exposed t o  t h e  t u r b u l e n t  boundary 
l a y e r  remains a major source of noise  i n  a i r c r a f t  cab ins .  
p r e d i c t i n g  t h i s  response has  l e d  t o  markedly d i f f e r i n g  approaches and s impl i fy-  
i n g  assumptions.  Recent evidence o f  running waves on such panels  (UTIAS Report 
No. 98, and s e v e r a l  l a te r  papers  by Maes t r e l lo )  has l e a d  t o  t h e  reexaminat ion 
of t h e  i n f i n i t e  panel / running wave t rea tment  of UTIA Report N o .  37 (1956); t h e  
o b j e c t i v e  was a comparison wi th  t h e  f i n i t e  panel/modal d e n s i t y  approach. 
compatible condi t ions  complete agreement on t h e  form of  t h e  v i b r a t i o n  spectrum 
was found. 

The d i f f i c u l t y  i n  

Under 

A l a r g e  volume of spec ia l i zed  hot-wire measurements have been 
c a r r i e d  out  i n  t h e  UTIAS 4 inch  low speed j e t ,  and process ing  by analog and 
d i g i t a l  computer i s  p a r t i a l l y  completed. The a i m  i s  t o  r e l a t e  t h e  turbulence  
t o  t h e  noise-genera t ing  f e a t u r e s  of t h e  j e t  more d i r e c t l y  than  i n  p r i o r  work, 
w i t h  a minimum of s impl i fy ing  assumptions. 
s t a g e s  

This  work i s  approaching t h e  f i n a l  

O u r  a e r o f o i l  probe anemometer (1964 Progress  Report)  - a t i n y  
piezo-electric-mounted a e r o f o i l  t h a t  responds t o  t h e  v-component of t u rbu lence  - 
has a t t r a c t e d  a number of i n q u i r i e s  because of i t s  s i m p l i c i t y  and ruggedness.  
During t h e  p a s t  year  t h e  design and c a l i b r a t i o n  techniques  have been r e f i n e d  
f u r t h e r  and some i l l u s t r a t i v e  a p p l i c a t i o n s  have been explored.  

The r e sea rch  on r e f r a c t i o n  of pure tones  i n j e c t e d  i n t o  a j e t  v i a  
hypodermic tube  has  thrown f u r t h e r  l i g h t  on j e t  no ise  d i r e c t i o n a l i t y .  A com- 
p l e t e l y  new behavior  has emerged i n  measurements w i th  extremely co ld  n i t rogen  
je ts  ( -180 '~) :  t h e  sound w a s  found t o  be r e f r a c t e d  inward t o  produce a l a r g e  
enhancement a long t h e  j e t  a x i s .  This  was i n  s t r i k i n g  c o n t r a s t  t o  t h e  outward 
r e f r a c t i o n  f o r  a i r  j e t s  a t  ambient, and e l e v a t e d  temperatures  t h a t  produces a 
l a r g e  a t t e n u a t i o n  along t h e  j e t  a x i s .  
agreement - w a s  found wi th  f i l t e r e d  j e t  no i se .  
has  been def ined  q u a n t i t a t i v e l y :  it expla ins  t h e  ' v a l l e y '  (or ' h i l l '  f o r  very  
co ld  j e t )  i n  t h e  j e t  no i se  po la r  i n t e n s i t y  p l o t  without  ambiguity.  

S imi l a r  behavior  - wi th  q u a n t i t a t i v e  
Thus t h e  r o l e  of r e f r a c t i o n  

39 
. .- 



Tne convection of a vo r t ex  through a p l ane  shock wa-re g ives  r i s e  

Report No, 61, 1959) has been 
tc a weak S-shaped d i s t o r t i o n  of t h e  shock toge the r  w i th  a c y l i n d r i c a l  SOWG 

wave. 
extended t o  p r e d i c t  t h e  shape of t h e  shock d i s t o r t i o n  t o  w i t h i n  u ~ p e r  and lower 
bounds. Good q u a l i t a t i v e  agreement wi th  t h e  experimental  shape i s  fouxd, 

The theo ry  f o r  t h e  sound wave ( c . f .  UTIA 

Volume 8 of Advances i n  Applied Mechanics (Acadernic P res s ,  1964) 
conta ins  t h e  survey a r t i c l e  on "The Generation of  Sound by Turbulent  <Jets-" 
r e f e r r e d  t o  i n  t h e  1963 Progress  Report .  
l a t t e r  p a r t  of 1964. 
R e v ,  123i (Feb. 1965). 

This  book d l d  not  ap;?e.,r m t i 7  t h e  
The a r t i c l e  i s  reviewed i n  Applied Mechanics E w i e v s ,  

S t a f f  SupervL 7 s o r  

E-1 IiESPONSE OF A FLEXIBLE PANEL TO TURBULENT FLOW: 
NOEAL DENSITY ANALYSIS - USAF/AFOSR ( H .  S .  E ibner )  

RUhTIXG ---- WRdE 'i;E?\STJS 

A feature of t h e  v i b r a t i o n  e x c i t a t i o n  of a p lane  p a a e l  by an 
Faea l ized  model of a t u r b u l e n t  boundary l a y e r  has been i n v e s t i g a t e d .  In p a r t i c u -  
l a r  t h e  i n f i n i t e  panel/running wave approach has  been reexm.ii ied fsr comparison 
wi th  t n e  f i n i t e  panel/modal d e n s i t y  approach. Conplzte agreenzri-t w a s  f c m d  on 
t h e  form of t h e  frequency spectrum of t h e  mean square pane l  displa,ceir,e?t mder 
a range of condi t ions  when t h e  coincidence e f f e c t  dominates.  This agreenent of 
';;",e snd r e s u l t  provides  support  f o r  t h e  v a l i d i t y  of bo th  nethods of analysis 
s ince t h e i r  bases  a re  s o  d i f f e r e n t .  It f u r n i s h e s  support ,  i n  addi- t ion,  fer 
t h e  r o t i o n  of a un ive r sa l  smoothed spectrum of t h e  v ibra . t ion  res2onse of pane ls  
under t h e  s p e c i f i e d  range of cond-it ions.  

This  work depends on t h e  Four i e r  i n t e g r a l  r e g r e s ? n t s t i o n  of a 
turbu.ient. p re s su re  f i e l d  as a supe rpos i t i on  of s i n u s o i d a l  waves ( F i g o  %-1.:-) 
of all o r i e a t a t i o n s  and wave l eng ths  These a r e  t r a v e l l i n g  patte1.n.s Secacse 
of con-vection. Each moving p res su re  wave e x c i t e s  a ranni!ng r i p p l e  in t h e  pan?l 
beneath i t .  
the r l p p l e  response f o r  i n f i n i t e  pane ls  has a resonant  peek: thS.s k h a v o r  i s  
c a l l e d  coincidence.  The response of f i n i t e  pane ls  i s  a in i la r  (."le. 3-1-3) If 
one e v e r G s  over t he  modal resonaaces - t h e  d o t s  i n  %he fig-ur-e. 

Along a c e r t a i n  locus  of  wave l e n g t h s  and d i r e c t i o n s  (3'i.g. E - 1 , 2 )  

The frequency spectrum of t h e  pane l  v i b r a t i o n  derive(!. f-r.m these 
f i g u r e s  f o r  t h e  i n f i n i t e  pane l  ( running wave technique,  p re sen t  anci.l.ysis ( F i g .  
E-1.2) o r  f o r  t h e  f i n i t e  pane l  (modal dens i ty  technique ,  work of Will ins and 
Lyon, F i g .  E - 1 . 3 )  i s  shown i n  t h i s  s tudy t o  be t h e  same. 
panel  t h i s  i s  a smoothed spectrum, t h e  i n d i v i d u a l  modal resonances be ing  
avel-aged ou t .  

For the f i n i L e  

An account of t h i s  work has been submit ted f o r  pu-bl icat ion in t h e  
J c x r n a l  of t h e  Acoust ical  Soc ie ty  of America. 
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E- 2 TURBUIaNCE MEASUREMENTS RELEVANT TO JET NOISE - EX, USAF,/AFCSR 
(W.T. Chu) 

I -c  i s  widely accepted t h a t  L i g h t h i l l ' s  i n t e g r a l  c c r r e c t l y  r e l a t e s  
t h e  noise  emission t o  t h e  j e t  tu rbulence .  However, d i r e c t  measurement of t h e  
complex v e l o c i t y  c o r r e l a t i o n s  t h a t  c o n s t i t u t e  t h e  in tegrand  h a s  been considered 
extremely d i f f i c u l t  , i f  not imgossible Thus a l l  e a r l i e r  a t tempts  t o  e x p l o i t  
t h e  L i g h t h i l l  i n t e g r a l  have t r i e d  t o  gene ra l i ze  from much s impler  measurements 
i n  combination wi th  dimensional or  sirr.ilarit,y arguments. The r e s u l t s  have 
been r e l a t i v e l y  crude and inconclus ive .  

I n  t h e  p re sen t  i n v e s t i g a t i o n  t h e  measurements have been of a more 
advanced na tu re ,  and t h e  s impl i fy ing  assumptjions b r idg ing  t h e  gap a r e  reduced 
t o  a mininum. The very  l a r g e  volume of measurements r equ i r ed  has  been c a r r i e d  
ou t ,  and process ing  of t h e  f i r s t  of s e v e r a l  groups by analog and d i g i t a l  equip- 
ment i s  w e l l  a long .  

The turbulence  measurements were made i n  t h e  mixing reg ion  of t h e  
UTIAS four  inch  low-speed j e t  (about  140 f t / s e c ) .  
Hubbard constant- temperature  hot  w i r e  anemometer, a s p e c i a l  t r a v e r s e  gea r ,  and 
a t ime-delay c o r r e l a t o r  of high  p rec i s ion .  Improvements embodied i n  t h e s e  
fa , ! i l i t i es  were desc r ibed  i n  Sec t ion  E-3 of t h e  1964 Progress  Report .  

The main f a c i l i t i e s  were a 

E- 3 AN AEROFOIL PROBE FCR KEASURING TWNSVERSE VELOCITY IN UNSTWY FLOW*- 
AQC, USAF/WOSR (1:. E ,  S id ton)  

P r o t o t - n e  development of a s m a l l ,  rugged turbulence  probe u t i l i z -  
i ng  t h e  aerodynanic l i f t  concept (1964 Progress  Report)  has  been c a r r i e d  t o  
v i r t u a l  completion. A b r i e f  d e s c r i p t i v e  t e c h n i c a l  note  has appeared i n  t h e  
A p r i l  (1965) issue of t h e  AIAA Journa l .  

Various s t a g e s  of probe development , i nc lud ing  f e a s i b i l i t y  con- 
s i d e r a t i o n s ,  probe des ign ,  frequency response problems , c a l i b r a t i o n  and e - p e r i -  
mental  u t i l i z a t i o n  are a l l  given d e t a i l e d  d e s c r i p t i o n  i n  a r ecen t  UTIAS pub l i -  
c a t i o n  (UTIAS T.U0 88) e n t i t s l e d  "A Turbulence Probe U t i l i z i n g  Aerodynamic L i f t "  I 

Figure  E-3.1 d e p i c t s  t h e  f i n a l  probe conf igu ra t ion .  This design 
a f f o r d s  s a t i s f a c t o r y  frequency response ( i o e .  w i th in  3 d e c i b e l s  f o r  t h e  fre- 
quency range 20-10,000 cps)  and output l e v e l s  of reasonable  magnltude ( e . g . ?  

3 mv.  for U = 100 €ps w i t h  15% turbulence i n t e n s i t y ) ,  

Probe c a l i b r a t i o n  was achieved by p l a c i n g  t h e  a e r o f o i l  sensor  at 

Figure E-3.2 i l l u s t r a t e s  t h e  l i n e a r i t y  between output  
v a r i o u s  angles  of a t t a c k  i n  a j e t  f l o w  which waschopped by r o t a t i n g  a segniented- 
d i s c  a t  t h e  j e t  nozz le .  
vo l t age  and t h e  component of v e l o c i t y  normal t o  t h e  a e r o f o i l .  

Hepresenta t ive  measurements of tu rbulence  i n t e n s i t y ,  f requency 
s p e c t r a ,  au tocor re l a t . i cns  , and two-point space-time c o r r e l a t i o n s  were made i n  
t h e  UTIAS four - inch  low speed f r e e  a i r  j e t  f a c i l i t y  ( e . g . ,  F i g .  E-3.3).  

Fu r the r  development of t h e  a e r o f o i l  probe concept and i t s  a p p l i -  
c a t i o n s  i s  cont inuing .  

~~ ~ * Pa ten t  app l i ed  f o r .  



E-4 REFRACTION OF SOUND BY J E T  FLOW AND JET TEMPERATURE - N E C ,  TJS,W/AF'OSFa 
NASA (E. Grande) 

The work r epor t ed  l a s t  year  has been extended cons iderably ,  
e s p e c i a l l y  i n  producing j e t s  a t  near  l i q u i d  a i r  tempera ture .  The measurements 
explored t h e  r e f r a c t i o n  of t h e  sound f i e l d  of an omnidi rec t iona l  pure  t o c e  
' p o i n t '  source of sound by t h e  v e l o c i t y  and temperature  f i e l d s  of a 3/4" a i r  
o r  n i t rogen  j e t .  

Several  d i f f e r e n t  sound source p o s i t i o n s  were employed: one 
wi th in  t h e  p o t e n t i a l  core  of t h e  j e t ,  o t h e r s  off t h e  j e t  a x i s ,  e n t i r e l y  ou t s ide  
t h e  j e t .  For t h e  source i n  t h e  on-axis p o s i t i o n ,  t h e  a i r  j e t  v e l o c i t y  w a s  
varied between M = 0.5 t o  0.95 a t  a f i x e d  source frequency and a t  mbienk  jet. 
temFerature,  y i e ld ing  a c h a r a c t e r i s t i c  a x i a l  r e f r a c t i o n  v a l l e y .  The maximua 
in+,ens i ty  r educ t ion  w a s  of t h e  order  of 35 dB a t  M = 0.95 and 3000 cps. i n  t h e  
experiment . 

Using a very  co ld  n i t r o g e n  j e t  ( T  = - 1 8 O o C ) ,  t h e  sound w a s  found 
t o  be r e f r a c t e d  inward - a focuss ing  o r  channeling e f f e c t  - so t h a t  t h e  r e f r a c -  
t i o n  v a l l e y  w a s  replaced by a ' h i l l ' .  The he ight  of t h i s  ' h i l l '  i nc reased  
wi th  source frequency and decreased wi th  inc reas ing  j e t  v e l o c i t y .  A t  M = 0,112 
ac$ 7000 cps.  t h e  i n t e n s i t y  peak reached a 26 dB magnitude. A comparison of 
t,h;: cold j e t  ' h i l l '  wi th  t h e  ' v a l l e y ' s  of warmer j e t s  i s  shown i n  F i g .  E - 4 - 1 ,  

For the source i n  t h e  o f f - ax i s  p o s i t i o n s ,  vary ing  t h e  a i r  j e r  
v e l o c i t y  between M = 0 . 3  and M = 0.9, i n t e n s i t y  p o l a r s  were obta ined  very  
similar t o  those  f o r  on-axis p o s i t i o n ,  except f o r  a c e r t a i n  skewness r e s u l t i n g  
from t h e  non-symmetrical source p o s i t i o n  ( F i g .  E-4.2) 

J e t  noise  p o l a r  d i r e c t i o n a l  p l o t s  a t  vary ing  f i l t e r  f r equenc ie s  
2nd j e t  v e l o c i t y  were obta ined  both f o r  t h e  air  j e t  at ambient teniperature and 
t h e  n i t rogen  j e t  at T = - 1 8 0 O c .  These exh ib i t ed  t h e  same g e c e r a l  sha,ps as t h e  
correspon,ding polar -  p l o t s  f o r  i n j e c t e d  sound. 

The j e t  no ise  p o l a r  p l o t s  i n  t h e  frequency bands were 'co?rectEd'  
I 

f o r  r e f r a c t i o n  and convect ion t o  y i e l d  t h e  approximate b a s i c  $ . i r e c t i v i t y  of 
t h e  eddy sources .  The r e f r a c t i o n  c o r r e c t i o n  was made by adding t h e  dB r educ t ion  
i n  t h e  r e f r a c t i o n  v a l l e y  of t h e  i n j e c t e d  sound p o l a r  t o  t h e  v a l l e y  cf t h e  jet ,  
no i se  p o l a r  f o r  t h e  same f i l t e r  frequency. The convection c o r r e c t i c n  employed 
a modified L i g h t h i l l  f a c t o r .  

due t o  Ribner .  A t  M = 0.9 t h e  agreement i s  only  f a i r ,  due presunzbly t o  neg lec t  
of Doppler s h i f t  and o the r  approximations.  

A t  M = 0.3 t h e  b a s i c  d i r e c t i v i t y  i n  frzquency 
bands (F ig .  E-4.3) shows good agreement wi th  a low-speed mcdel, a * b cos 4 9 , 

The e a r l i e r  phase of t h i s  i n v e s t i g a t i o n  i s  r epor t ed  most completely 
i n  UTIAS Tech. Note No. lo9 "Refrac t ion  of Sound by J e t  Flow and. J e t  Temperature" 
by Atvars ,  Schubert ,  Grande and Ribner (May 1965), which i s  a l n o s t  ready f o r  
d i s t r i b u t i o n .  This  w i l l  supersede AIAA Paper No. 65-82 ( Jan .  1965). The l a t e r  
phase w i l l  be r epor t ed  i n  "Refrac t ion  of Sound by J e t  Flow and J e t  Temperature, 
11" by E.  Grande, which has been prepared as a second Technical  Note. The 
account above i s  e s s e n t i a l l y  t h e  summary of t h i s  second Technical  Note. ( S e e  
Journa l  Acoust. SOC. h e r . ,  3, pp. 168-170(~) ( Jan . ,  1955) and a forthcoming 
i s s u e  ( f a l l  of 1965) f o r  abbrevia ted  accounts . )  
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SOURCE FREQUENCY = 3000 cps 

NITROGEN JET VELOCITY = 69fVsec  (M=O.112) 

AIR J E T  VELOCITY = 2 2 3 f t h e c  

AIR J E T  TEMP.= 100,300,500°F 

SOURCE POS.:ON JETAXIS,2D FROM NOZZLE 

FIG. 13-4.1 EFFECT OF JET TEMPERATURE 
ON DIRECTIVITY 
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JET MACH NO. = 0.3, 0.5.0.9 

JET TEMPERATURE: AMBIENT 

SOURCE FREQUENCY=3000cps ( f D/c = 0.168) 

SOURCE POS.: 2 0  OFF JETAXIS, 

2 0  FROM NOZZLE 

FIG- 13-4.2 EFFECT OF JET VELOCITY ON DIRECTIVITY 
FOR OFF-AXIS SOURCE POSITION 
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FIG- 13-4-3 COMPARISON OF EXPERIMENTAL AND 

~ THEORETICAL BASIC DI RECTIVITY 

FREQUENCY = 3 O O O c p s  

f D/U = 0.5 59 
M A C H  N O . =  0.3 
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